Objective Endothelial colony-forming cells (ECFCs) are a subset of circulating endothelial progenitor cells that are particularly abundant in umbilical cord blood. We sought to determine whether ECFC abundance in cord blood is associated with maternal body-mass index (BMI) in nonpathologic pregnancies.
11,12
The adverse association between maternal weight and the outcome of pregnancy is well known. 13, 14 Epidemiologic studies have shown that cardiovascular disease may have origins during fetal development. 15 Excessive maternal pre-pregnancy weight and gestational weight gain are associated with adverse cardiovascular risk factors in the offspring. 16 The fetal adaptations that occur in response to changes in maternal weight during pregnancy and whether these adaptations affect the level of ECFCs is completely unknown. In this study, we quantified the baseline variation in ECFC abundance and function among neonates born of non-obese healthy mothers with nonpathologic pregnancies and examined whether this normal variation was associated with differences in maternal weight.
Methods
Twenty-seven Caucasian mother-offspring pairs were included in this study. Exclusion criteria included pre-pregnancy obesity (ie, maternal body-mass index (BMI) >30 kg/m 2 ), severe prepregnancy underweight (ie, maternal BMI <16 kg/m 2 ), maternal infections, preexisting and gestational diabetes, hypertensive disorders of pregnancy, multiple gestation, asthma and/or respiratory diseases, thyroid disease, intrauterine growth retardation, and women who carried fetuses with chromosomal abnormalities or congenital malformations. The study included 5 preterm deliveries (<37 gestational weeks) that were not due to either maternal or fetal pathologies. This research was approved by the local ethics committee at the Hospital Universitario Virgen del Roc ıo. All the parents gave written informed consent for abstraction of data from their obstetric records and for the use of umbilical cord blood in accordance with the Declaration of Helsinki.
The following maternal and neonate data were obtained from the obstetric records: maternal age; mode of delivery (cesarean/vaginal delivery); mode of conception (natural/ in vitro fertilization); parity (primipara/multipara); evidence of intrauterine meconium exposure; offspring sex; offspring birth weight; offspring birth height; maternal height; pre-pregnancy (6-8 weeks gestation) maternal weight; endof-pregnancy (right before delivery) maternal weight; and postpartum (6 months postpartum) maternal weight. Gestational age was recorded according to the obstetricians' best estimate of gestation. Maternal BMI was calculated as the weight in kilograms divided by the square of the height in meters (kg/ m 2 ). Gestational weight gain was calculated as the difference between the weight at the end of pregnancy and the weight at first consultation. Postpartum weight retention was calculated as the difference between the weight at 6 months postpartum and the weight at first consultation. Maternal pre-pregnancy tobacco use was dichotomized into never-and ever-users.
Umbilical cord blood samples were collected ex utero using heparinized tubes. Cells were removed from plasma by centrifugation for 5 minutes at 3000 rpm using a refrigerated centrifuge. The resulting supernatant (plasma) was apportioned into 0.5 mL aliquots and stored at À80 C until analysis. Total cholesterol, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, and triglycerides were measured by enzymatic spectrophotometry using a Roche Cobas 8000 Modular Analyzer (Roche Diagnostics GmbH, Mannheim, Germany).
Cord blood samples (30-50 mL) were processed within 2 hours of blood collection. Mononuclear cells were obtained as previously described. 17, 18 Mononuclear cells were cryopreserved in aliquots equivalent to 10 mL cord blood as previously described 18 and stored in liquid nitrogen for comparative analysis. Cryopreserved mononuclear cells were thawed in a 37 C bath, thoroughly washed, and seeded on fibronectin-coated 6-well tissue culture plates (BD Bioscience, San Jose, California) using endothelial cell-medium (endothelial growth medium-2 without hydrocortisone, Lonza; 20% fetal bovine serum; 1 Â glutamine-penicillin-streptomycin). 17 Unbound cells were removed at 48 hours and the bound fraction maintained in endothelial cell-medium, with media being replenished every 2-3 days. Endothelial colonies were identified as well-circumscribed monolayers of $50 cells with cobblestone morphology. Colonies were enumerated on days 7, 14, 21, and 28 by visual inspection using an inverted microscope.
Endothelial cell phenotype was characterized by testing: (1) cloning-forming ability; (2) proliferation and migration towards vascular endothelial growth factor (VEGF) and fibroblast growth factor-2 (FGF-2); and (3) regulation of Vol. 164, No. 3 March 2014 leukocyte adhesion upon inflammatory stimuli using methods previously described by our laboratory. 19 The vasculogenic ability of ECFCs was evaluated in vivo using a previously developed xenograft model of human endothelial cell transplantation into immunodeficient mice. 17, 20 Animal experiments were conducted under a protocol approved by the Institutional Animal Care and Use Committee at Boston Children's Hospital.
Statistical Analyses
Data were analyzed with IBM SPSS v. 19.0 software (SPSS Inc, Chicago, Illinois). Categorical variables were expressed by absolute frequencies and percentages (n, %). Noncategorical variables were expressed by mean AE SD. Data from subjects in the maternal BMI <25 kg/m 2 group were compared with those in the 25-30 kg/m 2 group. Categorical variables were compared with Pearson c 2 test except for tobacco use, which was analyzed with Fisher exact test. Non-categorical variables were compared with Mann-Whitney U tests except for maternal age, which was normally distributed and was analyzed with 2-tailed unpaired Student t test. Shapiro-Wilk tests were used to determine normality. Univariate correlations were performed with use of Spearman correlation coefficient. Data from experiments performed in vitro and in mice were analyzed using GraphPad Prism v. 5 software (GraphPad Software Inc, La Jolla, California). These data were expressed as mean AE SE and means were compared using unpaired Student t tests. For all analyses, P < .05 was considered significant.
Results
Cord blood-derived ECFCs were identified in culture as outgrown colonies containing $50 endothelial cells (Figure 1, A) . Colonies emerged in culture as early as 1 week, although the majority of the colonies appeared between 2 and 3 weeks (Figure 1, B) , which is consistent with previous reports. 1 ECFCs were allowed to grow and were then purified by expression of CD31. The endothelial 
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phenotype of CD31-selected cells was verified via their expression of CD31 and vascular endothelial-cadherin (VEcadherin) at the cell-cell borders, the expression of von Willebrand factor in a punctuate pattern in the cytoplasm, and specific affinity for uptake of acetylated low-density lipoproteins (Figure 2, A) . Flow cytometry confirmed uniform expression of CD31 and negative expression of mesenchymal marker CD90 and pan-hematopoietic marker CD45 (Figure 2, C) . Additionally, quantitative reverse transcription-polymerase chain reaction analyses showed the expression of endothelial markers CD31, vWF, VEcadherin, VEGF-R2, and endothelial nitric oxide synthase at the messenger RNA level as well as the absence of messenger RNA transcripts of mesenchymal markers CD90 and PDGFR-b (Figure 2, B) . Finally, colony-forming ability was confirmed at clonal density, which reflected the expected presence of highly-proliferative clonogenic cells in each ECFC population (Figure 2, D and E) .
The abundance of ECFCs in each cord blood sample was determined after 4 weeks in culture. We found a median abundance of 6 colonies per 10 mL of cord blood with a broad 25th-75th IQR of 1.0-13 colonies. To address whether ECFC abundance was associated with maternal weight, we categorized the study into prepregnancy maternal BMI <25 kg/m 2 (normal weight; n = 15) and 25-30 kg/m 2 (overweight; n = 12). We found that the level of these cells in cord blood was significantly higher in samples categorized as prepregnancy maternal overweight than in samples categorized as normal maternal weight, with median abundance of 12 and 3 colonies, respectively (P = .01; Figure 1, C) . Moreover, multivariate regression analysis revealed a statistically significant positive correlation between maternal prepregnancy BMI and the level of ECFCs in the umbilical cord blood (r = 0.51, P = .007; Figure 1, D) . This correlation remained statistically significant when maternal BMI was measured at both the end-of-pregnancy (r = 0.45, P = .02) and at 6 month postpartum (r = 0.55, P = .004). In contrast, we did not observe statistical association between ECFC abundance and gestational weight gain (r = 0.02, P = .93), the number of mononuclear cells in cord blood (r = -0.08, P = .73), or postpartum weight retention at 6 months (r = 0.25, P = .23). The correlation between ECFC count and maternal BMI was independent of other obstetric factors, including maternal age, mode of delivery, parity, prepregnancy use of tobacco, gestational age, offspring birth weight, and the lipid profile of the cord blood (Table) . There were differences in the percentage of male/female offspring in each group. However, no statistical difference by sex was found (P = .60).
Our study included mostlyterm deliveries (Table) and, thus, we found no significant correlation between gestational age and ECFC content. Only when subjects were categorized as either preterm (<37 gestational weeks; n = 5) or term ($37 weeks; n = 22), we did find differences in ECFC abundance (increased in preterm).
We then examined whether there were functional differences among ECFCs from subjects with maternal BMI <25 kg/m 2 and 25-30 kg/m 2 . We found no statistical difference (P > .05) in: (1) the mitogenic and migratory response to angiogenic growth factors VEGF-A and FGF-2 ( Figure 3 , A and B); (2) the ability to assemble into capillary-like structures onto Matrigel ( Figure 3, C) ; and (3) the ability to up-regulate leukocyte adhesion molecules E-selectin and intercellular adhesion molecule 1 upon exposure to the inflammatory cytokine tumor necrosis factor-a (data not shown) and the subsequent increase in leukocyte binding (Figure 3, D) . We also found no statistical difference (P > .05) in the vasculogenic ability of ECFCs (Figure 3, E-H) . Quantitative evaluation of microvessel density by histologic and flow cytometric methods revealed no statistical difference between the groups (Figure 3, G and H) .
Discussion
ECFCs have enormous therapeutic potential because of their inherent proliferative and vasculogenic properties. 17, 21 However, current knowledge regarding what governs the abundance of these cells in vivo is still very limited.
The main implication of this study is the need to consider maternal BMI as a potential confounding factor for cord blood levels of ECFCs. Emerging evidence indicates that deleterious conditions during fetal life can impair ECFC content and function, [10] [11] [12] 22 and the level of these cells may vary extensively. Understanding what constitutes a normal baseline level of ECFC abundance will facilitate the interpretation of future comparative studies between pathologic and nonpathologic pregnancies.
Epidemiologic studies have shown that there is a relationship between BMI and several chronic conditions, including type 2 diabetes, hypertension, and coronary heart disease. 23 Although these risks are notably increased in obese subjects, there is also an approximately linear relationship between BMI and cardiovascular risks in nonobese subjects. 24 Additionally, excessive weight during gestation is generally associated with higher risk for negative neonatal outcomes. 13, 14 Considering that our study was focused on non-obese healthy mothers and with the limitation of not being able to establish a definitive cause-and-effect, we believe the correlation between maternal BMI and level of ECFCs in cord blood could be interpreted as a normal physiological adaptation that occurs in the rapidly growing fetus in order to maintain adequate formation of new vasculature and/or to preserve vascular integrity. Further studies will be needed to determine the mechanisms by which ECFCs are mobilized. Further studies also should examine the influence of ethnic, environmental, and genetic factors on the association between maternal BMI and ECFCs in umbilical cord blood. THE JOURNAL OF PEDIATRICS www.jpeds.com Vol. 164, No. 3 
